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Postsynaptic Mechanisms for Bidirectional
Control of MAP2 Phosphorylation
by Glutamate Receptors
Elizabeth M. Quinlan and Shelley Halpain of the rodent hippocampal formation. The pattern of
afferent stimulation determines whether the strength ofDepartment of Neuroscience
Center for Cell Signaling a specific synapse will be enhanced or diminished: high
frequency stimulation results in the long-term potentia-University of Virginia Health Sciences Center
Charlottesville, Virginia 22908 tion (LTP) of excitatory postsynaptic responses, while
low frequency stimulation results in long-term depres-
sion (LTD) of postsynaptic responses (Otani and Ben-
Ari, 1993; Malenka, 1994; Teyler et al., 1994; CollingridgeSummary
and Bliss, 1995). These phenomena are widely studied
as the cellular basis for information storage in the ner-Many activity-dependent changes in synaptic efficacy
vous system, and at least in the case for LTP, theoccur through elevations in postsynaptic calcium
changes in synaptic physiology have been shown totriggered by glutamate receptor activation. Here,
be accompanied by changes in dendritic morphologythe postsynaptic, neuron-specific microtubule-asso-
(Fifkova and Van Harreveld, 1977; Lee et al., 1980; Des-ciated protein MAP2 is identified as a target of bidirec-
mond and Levy, 1983; Geinismanet al., 1993). The mech-tional calcium-dependent signaling pathways acti-
anisms proposed to underlie such synaptic plasticityvated by glutamate. Glutamate produced a biphasic
involve elevations of intracellular calcium triggered bychange in MAP2: a rapid, transient increase in phos-
glutamate receptor activation. In particular, activation ofphorylation mediated by metabotropic receptors and
the N-methyl-D-aspartate (NMDA) subtype of glutamateattenuated by inhibitors of calcium/calmodulin-de-
receptor and a subsequent influx of calcium into post-pendent protein kinases and protein kinase C, fol-
synaptic neurons have been implicated in the inductionlowed by a persistent dephosphorylation of MAP2 me-
of homosynaptic LTP and LTD in area CA1 of the hippo-diated by NMDA receptors and activation of the
campus (Otani and Ben-Ari, 1993; Malenka, 1994; Teylercalcium/calmodulin-dependent protein phosphatase
et al., 1994; Collingridge and Bliss, 1995). Maintenance2B (calcineurin). Thus, a single transmembrane signal,
of LTP may also require activation of metabotropic glu-glutamate, and the increased intracellular calcium it
tamate receptors (Collingridge and Bliss, 1995).evokes can have opposing actions on a postsynaptic
Recent studies have demonstrated that the magni-target phosphoprotein. The phosphorylation state of
tude and duration of postsynaptic calcium elevation de-MAP2 determines its interaction with microtubules
termine whether a given stimulus results in synapticand actin filaments, suggesting that glutamatergic
potentiation or depression (Artola et al., 1990; Dudekregulation of MAP2 phosphorylation may transduce
and Bear, 1992; Malenka et al., 1992). Distinct calcium-neural activity intomodifications in dendritic structure.
dependent signal transduction pathways must therefore
exist to mediate the expression of LTP and LTD. Indeed,
Introduction recent evidence has implicated increased protein kinase
activity and increased protein phosphatase activity in
Modifications in neuronal morphology are a hallmark the maintenance phase of LTP and LTD, respectively
of neural development, activity-dependent changes in (Malenka, 1994). Such bidirectional control of synaptic
synaptic efficacy, and neurodegenerative disorders. For strength is likely to be mediated by a balance in the
example, there is a correlation between the degree of activity of protein kinases and phosphatases toward
dendritic arborization in mammalian visual cortex and specific phosphoproteins. However, the identities of tar-
the degree of environmental complexity during rearing get phosphoproteins, and the mechanisms by which
(Greenough and Chang, 1988) and between the density glutamate receptor activation regulates their phosphor-
of hippocampal dendritic spines and the completion of ylation state, remain obscure. Here we demonstrate that
spatial learning tasks (Moser et al., 1994). Several cellu- the postsynaptic, microtubule-associated protein 2
lar models of synaptic plasticity have revealed associa- (MAP2) is one potential target of bidirectional signaling
tions between activity-dependent changes in synaptic mechanisms at glutamatergic synapses.
strength and specific alterationsin neuronal morphology MAP2 is a high molecular weight, neuron-specific
(Bailey and Kandel, 1993; Harris and Kater, 1994). These phosphoprotein that copurifies with microtubules
changes range from modifications in the number and through cycles of temperature-dependent assembly
shape of synapses in Aplysia sensitization and habitua- and disassembly in vitro (Matus, 1988; Johnson and
tion pathways (Bailey and Chen, 1983) to the formation Jope, 1992). In contrast to other neuronal MAPs, includ-
of ocular dominance columns in mammalian visual cor- ing MAP1 and tau, MAP2 is exclusively localized to cell
tex (Hubel et al., 1979; Penn et al., 1994). Such morpho- bodies, dendrites, and dendritic spines and is not found
logical alterations are presumably mediated by changes in axons or axon terminals (Bernhardt and Matus, 1984;
in cytoskeletal proteins; however, there is presently little Morales and Fifkova, 1989). In cell-free systems, MAP2
information regarding the precise cellular mechanisms binds to and promotes the polymerization of microtu-
through which neuronal activity is transduced into bules (Sloboda et al., 1976; Herzog and Weber, 1978;
changes in neuronal structure. Kim et al., 1979) and binds to and promotes the bundling
Activity-dependent changes in synaptic efficacy have of actin filaments (Selden and Pollard, 1983; Sattilaro,
1986). Changes in the phosphorylation state of MAP2been intensely studied in the glutamatergic synapses
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regulate these functions in vitro (Jameson and Caplow,
1981; Nishida et al., 1981; Murthy and Flavin, 1983; Sel-
den and Pollard, 1983; Burns et al., 1984; Hoshi et al.,
1988). MAP2 can be phosphorylated in vitro by several
classes of serine/threonine protein kinases, including
cAMP-dependent protein kinase (PKA; Sloboda et al.,
1975; Vallee, 1980; Walaas and Nairn, 1989), proline-
directed kinases, such as mitogen-activated protein ki-
nase (MAP kinase; Sturgill et al., 1988; Berling et al.,
1994), and the calcium-dependent kinases, protein ki-
nase C (PKC; Akiyama et al., 1986; Tsuyama et al., 1986;
Walaas and Nairn, 1989) and calcium/calmodulin-de-
Figure 1. Bidirectional Changes in MAP2 Phosphorylation Inducedpendent protein kinase type II (CaMKII; Schulman, 1984;
by Evoked and Spontaneous DepolarizationGoldenring et al., 1985; Yamamoto et al., 1985; Walaas
MAP2 was immunoprecipitated from slices metabolically labeledand Nairn, 1989). MAP2 can be dephosphorylated in
with 32P as described in the text.vitro by protein phosphatases 1 (PP1) and/or 2A (PP2A)
(A) Autoradiograph from a typical experiment demonstrating the(Goto et al., 1985) and by the calcium/calmodulin-de-
bidirectional change in MAP2 phosphorylation evoked by high po-
pendent protein phosphatase 2B (PP2B, or calcineurin; tassium depolarization. Slices were incubated in the absence (C) or
Yamamoto et al., 1988). Accordingly, multiple consen- presence of 40 mM KCl for the times indicated.
sus sites for phosphorylation on serine and threonine (B) Autoradiograph from a typical experiment demonstrating the
bidirectional change in MAP2 phosphorylation induced by sponta-residues within the MAP2 primary sequence represent
neous depolarization. Slices were incubated in the absence (C) orpotential targets of signal transduction pathways that
presence of the glutamate uptake inhibitor DHK (1 mM) for the timesmay be activated by synaptic transmission. However,
indicated.
little is known about the protein kinases and phospha- (C) Time course of thebidirectional change in MAP2 phosphorylation
tases that have access to MAP2 in living neurons or following incubation of slices in 1 mM DHK. Phosphorylation was
how extracellular signals influence their activity toward increased with a half-maximal effect observed at 15 s; this transient
increase was followed by decreased phosphorylation of MAP2, withMAP2. Such information is key to understanding activ-
a half-maximal effect observed at 5 min. Incubations longer thanity-dependent regulation of the neuronal cytoskeleton.
60 min reduced MAP2 phosphorylation to levels undetectable aboveIn the rat pituitary GH3 cell line, which expresses low
background. Each data point represents the mean 6 SEM of 3±6
levels of MAP2, increasing intracellular cAMP levels via experiments performed in triplicate.
incubation in forskolin or phosphodiesterase inhibitors
increased MAP2 phosphorylation, suggesting that PKA
targets MAP2 in intact cells (Jefferson and Schulman,
with [32P]orthophosphate (Figure 1A). A maximum 75%1991). In cultured rat brain cortical neurons and in a
increase in 32P incorporation into MAP2 was observedhuman neuroblastoma cell line, MAP2 phosphorylation
following 30 s of depolarization, and a 90% decreasewas increased following incubation in the phosphatase
was observed following 10 min of depolarization. Incu-inhibitor okadaic acid, suggesting that PP1 and/or PP2A
bation in 40 mM KCl for times greater than 10 min re-regulate the dephosphorylation of MAP2 in situ (Arias
sulted in a further reduction in MAP2 phosphorylationet al., 1993). Previous studies have demonstrated that
such that 32P incorporation into immunoprecipitatedMAP2 is robustly dephosphorylated when hippocampal
MAP2 was undetectable above background (data notslices are stimulated with exogenous NMDA (Halpain
shown).and Greengard, 1990; Montoro et al., 1993). Depolariza-
The observed changes in MAP2 phosphorylation aretion or high frequency stimulation of hippocampal slices
hypothesized to reflect the activation of signaling path-also results in an increase in MAP2 phosphorylation,
ways stimulated by neurotransmitters released in re-consistent with the hypothesis that calcium- and/or neu-
sponse to depolarization. Potassium-induced depolar-rotransmitter-dependent protein kinases might regulate
ization of slices is presumed to stimulate the exocitosisMAP2 phosphorylation in situ (Diaz-Nido et al., 1993;
of all neurotransmitters endogenous to the slice prepa-Fukunaga et al., 1995). However, the regulation of MAP2
ration, including glutamate, g-aminobutyric acid, acetyl-phosphorylation by synaptically released neurotrans-
choline, norepinephrine, and various neuropeptides. Inmitter has not been investigated in detail. The present
addition, depolarization may activate voltage-sensitivestudies examined the regulation of MAP2 phosphoryla-
calcium channels in cell bodies and dendrites, whichtion by endogenously released excitatory amino acids.
could also influence calcium-dependent enzymes that
target MAP2. To explore specifically the role of excit-Results
atory amino acid transmission in the regulation of MAP2
phosphorylation, the glutamate uptake inhibitor dihy-Regulation of MAP2 Phosphorylation
drokainate (DHK; Watkins and Evans, 1981) was em-by Endogenous Glutamate
ployed to facilitate the specific activation of postsynap-To examine the role of synaptic transmission in regulat-
tic glutamate receptors by spontaneously releaseding the phosphorylation state of MAP2, hippocampal
glutamate. Incubation in 1 mM DHK induced a biphasicslices were depolarized by incubation in 40 mM KCl.
change in MAP2 phosphorylation similar to that ob-Depolarization induced a time-dependent biphasic
served following high potassium depolarization (Figureschange in the phosphorylation of MAP2 immunoprecipi-
tated from rat hippocampal slices metabolically labeled 1B and 1C). Incubation with DHK for less than 1 min
Biphasic Changes in MAP2 Phosphorylation In Situ
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consistently produced an increase in MAP2 phosphory-
lation, with an average 2-fold increase observed follow-
ing a 30 s exposure to DHK. The magnitude of the in-
crease was variable, perhaps reflecting variability in
reaction quenching at the termination of the experiment
or a variable time course for DHK diffusion due to the
narrow and highly complex geometry of the slice micro-
environment (Nicholson and Hounsgaard, 1983; Lipinski
and Bingmann, 1987). Nonetheless, brief incubations in
DHK reliably induced a robust and transient increase in
MAP2 phosphorylation. Incubation with DHK for times
greater than 1 min produced a decrease in MAP2 phos-
phorylation, which was half-maximal within 5 min. DHK
exposure exceeding 60 min induced dephosphorylation
of MAP2 such that 32P incorporation in immunoprecipi-
tated MAP2 was no longer detectable above back-
ground. Application of exogenous glutamate in the
Figure 2. Immunoblot Analysis of MAP2 Protein Levelsabsence of DHK was ineffective in altering MAP2 phos-
Hippocampal slices were prepared as in Figure 1, but with 1.5 mMphorylation, presumably because glial glutamate uptake
KH2PO4 substituted for [32P]orthophosphate in the incubation me-prevented the efficient activation of neuronal glutamate
dium. Slices were incubated in DHK for the times indicated. Thereceptors in the slice preparation.
amount of MAP2 protein was determined by quantitative immu-
noblot analysis as described in the text using [125I]Protein A. Quanti-
tative analysis revealed no change in the total amount of the highImmunoblot Analysis of Total
molecular weight MAP2 doublet or in the appearance of MAP2MAP2 Concentration
breakdown products across experimental conditions. The blot
The bidirectional changes in MAP2 phosphorylation are shown is a digital reproduction of a phosphorimage and is represen-
hypothesized to reflect changes in thebalance of endog- tative of 4 experiments yielding similar results.
enous protein kinase and phosphatase activities toward
MAP2. However, glutamate receptor activation might
also stimulate the synthesis and/or degradation of Hollmann, 1992). Previous reports have demonstrated
MAP2, which could be misinterpreted as changes in the that application of exogenous NMDA results in the ro-
MAP2 phosphorylation state. Indeed, MAP2 has been bust dephosphorylation of MAP2 (Halpain and Green-
reported to be a good substrate for the calcium-acti- gard, 1990; Montoro et al., 1993). To examine whether
vated proteases, called calpains, and calpain activation the glutamate-mediated biphasic change in MAP2 phos-
has beenassociated with excitatory aminoacid receptor phorylation also involved NMDA receptor activation,
stimulation (Sandoval and Weber, 1978; Burgoyne and DHK was applied to slices preincubatedwith thespecific
Cumming, 1982; Siman and Noszek, 1988; Johnson et NMDA receptor antagonist MK801 (Figure 3A). In the
al., 1991). Therefore, quantitative immunoblotting was presence of MK801, a 30 min incubation in DHK did
performed to analyze the effect of glutamate receptor not induce a decrease in the phosphorylation of MAP2;
activation on MAP2 protein levels (Figure 2). A small however, in the presence of MK801, a 30 s incubation
amount of MAP2 degradation product was observed at with DHK still induced a robust increase in phosphoryla-
all time points examined. However, application of 1 mM tion of MAP2 (a 2-fold increase over MAP2 phosphoryla-
DHK for 0.5±60 min did not substantially alter either the tion observed in MK801 alone). The increased MAP2
amount of intact MAP2 protein or the appearance of phosphorylation induced by DHK in the presence of
MAP2 breakdown products. A similar lack of MAP2 pro- MK801 persisted for at least 30 min (the longest time
teolysis was observed when slices were incubated for examined in this series). Thus, spontaneously released
0.5±60 min in DHK plus 50 mM L-glutamate (data not glutamate induces an MK801-insensitive rise in MAP2
shown). This suggests that the MAP2 in hippocampal phosphorylation. The similar failure of the AMPA/kainate
slices is relatively resistant to glutamate-induced prote- receptor antagonist 6-cyano-7-nitroquinoxiline-2,3-di-
olysis and confirms that the biphasic changes in MAP2 one (CNQX) to prevent DHK-induced increases in MAP2
phosphorylation resulted from posttranslational modifi- phosphorylation suggested that metabotropic gluta-
cation of MAP2 rather than from changes in MAP2 con- mate receptors mediate this effect. Indeed, incubation
centration. of slices in MK801, alone (data not shown) or in combina-
tion with CNQX (Figure 3B), revealed a time-dependent
increase in MAP2 phosphorylation. In the presence ofReceptor Specificity of the Biphasic
Changes in MAP2 Phosphorylation these antagonists, DHK further stimulated MAP2 phos-
phorylation. These observations are consistent with theSeveral classes of postsynaptic glutamate receptors ex-
ist in hippocampal neurons: three ion channel±coupled hypothesis that activation of ionotropic glutamate re-
ceptors reduces MAP2 phosphorylation and indicatedreceptors, the kainate, AMPA, and NMDA receptors,
named after the exogenous ligands that activate them that endogenously released glutamate acts to stimulate
increased MAP2 phosphorylation via activation of meta-preferentially; and several distinct G protein±coupled
metabotropic receptors, which stimulate phosphoinosi- botropic receptors.
Metabotropic receptors for glutamate are distincttide hydrolysis or changes in cAMP levels (Gasic and
Neuron
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from the ionotropic glutamate receptors in their pharma-
cological profile. Broad spectrum glutamate antagonists
for NMDA and AMPA/kainate receptors do not block all
(or perhaps any) of the known metabotropic receptors
(Sugiyama et al., 1989). The compound (RS)-a-methyl-
4-carboxyphenylglycine (MCPG) has been reported to
be a specific inhibitor of metabotropic glutamate recep-
tors (Bashir et al., 1993; Eaton et al., 1993). However,
its effectiveness at inhibiting metabotropic effects of
glutamate in hippocampus remains controversial (Chin-
estra et al., 1993). Preincubation with MCPG (1±4 mM;
10 min) was ineffective in blocking the DHK-induced
increase in MAP2 phosphorylation. In light of the lack of
a reliable, potent antagonist of metabotropic glutamate
receptors, the ability of metabotropic receptor activa-
tion to mimicthe effect of brief DHK exposurewas exam-
ined. Application of the specific metabotropic receptor
agonist 1S,3R-1-aminocyclopentane-1,3-dicarboxylic
acid (ACPD; 200 mM) induced a robust increase in MAP2
phosphorylation (Figure 3C). The increase in MAP2
phosphorylation was sustained for up to 60 min in the
continuous presence of ACPD.
The stimulation of metabotropic glutamate receptors
by ACPD and presumably by endogenously released
glutamate thus rapidly activates a biochemical pathway
that stimulates a net increase in MAP2 phosphorylation.
Activation of NMDA receptors via incubation in DHK or
NMDA for 5 min or longer results in a net reduction in
MAP2 phosphorylation. Such prolonged activation of
NMDA receptors may be pathological, because stimula-
tion of NMDA receptors for more than 5 min can induce
excitotoxic cell death in neuronal cultures, as measured
24 hr later (Randall and Thayer, 1992). Shorter activation
of NMDA receptors is expected to be nonlethal (Hartley
and Choi, 1989). To investigate whether brief, nontoxic
activation of NMDA receptors is sufficient to induce de-
phosphorylation of MAP2, the duration of NMDA recep-
tor activation was limited by applying 10 mM MK801 30
s after stimulating slices with 10 mM NMDA. Incubation
in MK801 completely prevented NMDA-induced de-
phosphorylation of MAP2 when applied to slices 1 minFigure 3. Receptor Specificity of the Glutamatergic Pathways That
prior to addition of NMDA (data not shown). Therefore,Target MAP2 Phosphorylation
in experiments in which MK801 was applied 30s afterMAP2 was immunoprecipitated from slices metabolically labeled
NMDA, the total duration of NMDA receptor activationwith 32P as described in the text.
was limited to z90 s (Figure 4). Under these conditions,(A) Effect of the NMDA receptor antagonist MK801 on DHK-induced
changes in MAP2 phosphorylation. Slices were stimulated for either MAP2 dephosphorylation proceeded with a time course
30 s or 30 min with 1 mM DHK following a 10 min preincubation in similar to that previously observed in the continuous
the absence (2) or presence (1) of 10 mM MK801. Incubation in presence of NMDA (Halpain and Greengard, 1990).
MK801 alone results in a time-dependent increase in MAP2 phos- Within 15 min after a brief NMDA receptor activation, a
phorylation. Therefore, MAP2 phosphorylation in DHK alone (2) was
maximal 95% decrease in MAP2 phosphorylation was
calculated as (counts in DHK/counts with no additions) 3 100;MAP2
observed that persisted for up to 60 min. Thus, a bio-phosphorylation in DHK plus MK801 was calculated as (counts in
chemical pathway that targets MAP2 for dephosphory-MK801 plus DHK/counts in MK801 alone) 3 100. MK801 had no
lation can be triggered by brief NMDA application, andeffect on the increased MAP2 phosphorylation induced by a short
exposure to DHK, but greatly attenuated the decreased phosphory- MAP2 dephosphorylation greatly outlasts the duration
lation of MAP2 induced by a long exposure to DHK. Each data point of NMDA receptor activation.
represents themean 6 SEMof 3 experiments performed in triplicate.
(B) Time-dependent increase in MAP2 phosphorylation in the pres-
ence of antagonists of ionotropic receptors for glutamate. Digital
pressed as a percentage of MAP2 phosphorylation observed inreproduction of a phosphorimage from a typical experiment in which
slices incubated in theabsence of ACPD. Eachdata point representshippocampal slices were incubated in the absence (C) or presence
the mean 6 SEM of 3±4 experiments performed in triplicate. Theof 100 mM CNQX and 10 mM MK801 for the times indicated.
inset shows a digital reproduction of a phosphorimage from a typical(C) Time-dependent increase in MAP2 phosphorylation in the pres-
experiment in which slices were incubated in the absence (C) orence of a metabotropic glutamate receptor agonist. Slices were
presence of ACPD for the times indicated.incubated in 200 mM ACPD for the indicated times. Data are ex-
Biphasic Changes in MAP2 Phosphorylation In Situ
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and 240.1% 6 23%, respectively, of the values for un-
stimulated controls (Figure 5A). In these same three cal-
cium conditions, MAP2 phosphorylation in the presence
of NMDA (100 mM; 2 min) was 71.4% 6 7.4%,
44% 6 5.0%, and 24.6% 6 6.8%, respectively, of the
values for unstimulated controls (Figure 5B). In addition,
the ability of NMDA to induce dephosphorylation of
MAP2 was attenuated by the broad spectrum calcium
channel blocker cadmium, but not by the L-type calcium
channel blocker nifedipine. Following NMDA stimulation
(100 mM; 5 min), MAP2 phosphorylation was 9.7% 6
2.3% of control, compared with 46.6% 6 2.3% of control
when NMDA was applied in the presence of 20 mM
cadmium (n 5 3; p < .001, Student's t test).These results
indicate that transmembrane calcium flux is involved in
both phases of the bidirectional change in MAP2 phos-Figure 4. Time Course for Dephosphorylation of MAP2 Following
phorylation induced by glutamate release.Brief Activation of NMDA Receptors
The calcium ionophore ionomycin was used to testMAP2 was immunoprecipitated from hippocampal slices metaboli-
cally labeled with 32P to determine the time course of MAP2 dephos- whether an increase in postsynaptic calcium was itself
phorylation following a limited activation of NMDA receptors. Slices sufficient to induce changes in MAP2 phosphorylation.
were incubated in 100 mM NMDA for 30 s, followed by 10 mM MK801 In the absence of an effective antagonist for metabo-
for the remainder of the indicated incubation period, which limited
tropic glutamate receptors, the role of postsynaptic cal-the total duration of NMDA receptor activation to <90 s. Reactions
cium in mediating increased MAP2 phosphorylationwere terminated by aspirating the medium and freezing the slice in
could not be determined because ionomycin is ex-liquid nitrogen at the indicated times. MAP2 phosphorylation was
calculated as a percentage of that in control slices incubated in the pected to activate metabotropic receptors by stimulat-
absence of NMDA or MK801. Each data point represents the mean ing glutamate release. However, the availability of spe-
6 SEM for 4 experiments performed in triplicate. The inset shows cific NMDA receptor antagonists did allow examination
a digital reproduction of an autoradiograph from a typical experi-
of the sufficiency of intracellular calcium alone to inducement in which MAP2 phosphorylation was determined at the indi-
a decrease in MAP2 phosphorylation. NMDA receptor±cated time following a brief NMDA receptor activation, or in the
independent increases in neuronal calcium levels wereabsence of any additions (C).
achieved by incubation of slices with ionomycin (50 mM)
for various times in the presence of 10mM MK801 (Figure
6). An increase in MAP2 phosphorylation, similar to thatCalcium Dependence of Glutamatergic
observed following metabotropic glutamate receptorRegulation of MAP2 Phosphorylation
activation, was observed following brief (1 min) incuba-Postsynaptic calcium concentration can be regulated
tion in ionomycin. Such an increase in MAP2 phosphory-by multiple glutamate receptor subtypes. Activation of
lation is likely due to depolarization-induced release ofNMDA receptors results in transmembrane calcium flux
glutamate acting on metabotropic receptors. Incubationthrough the NMDA receptor channel, while activation of
in ionomycin for 10 min resulted in a 37.7% decreasemetabotropic glutamate receptors coupled to phospho-
in MAP2 phosphorylation, which was maintained for upinositide hydrolysis results in the release of calcium
to 60 min. The robust dephosphorylation observed 5from inositol triphosphate±sensitive intracellular stores
min following 30 s NMDA receptor activation (80%±95%;
(Gasic and Hollmann, 1992). In some cases, this can
see Figure 4) was never obtained, even after prolonged
promote calcium entry across the plasma membrane
incubations in the calcium ionophore (compare Figures
(Clapham, 1995; Recasens and Vignes, 1995). In addi-
6 and 4).
tion, neuronal depolarization resulting from glutamate
receptor activation may activate voltage-sensitive cal- Identification of the Calcium-Dependent Signaling
cium channels, resulting in further calcium influx (Alford Pathways That Mediate Glutamate-Induced
et al., 1993). In vitro, the phosphorylation of MAP2 is Changes in MAP2 Phosphorylation
regulated by calcium-dependent protein kinases and Once elevated, cytosolic calcium, often in conjunction
phosphatases. Therefore, the requirement for trans- with the small calcium-binding protein calmodulin, inter-
membrane calcium flux in mediating changes in MAP2 acts with a number of calcium-dependent enzymes, in-
phosphorylation in situ was examined by applyinggluta- cluding calcium-sensitive adenylyl cyclases, proteases,
mate receptor agonists in the presence of various con- phospholipases, and protein kinases and phosphatases
centrations of extracellular calcium. Both the increased (Clapham, 1995; Ghosh and Greenberg, 1995). To char-
MAP2 phosphorylation induced by the metabotropic ag- acterize the calcium-dependent pathways that mediate
onist ACPD and the decreased MAP2 phosphorylation the biphasic change in MAP2 phosphorylation, selective
induced by NMDA were attenuated in low extracellular inhibitors of protein kinases and phosphatases were
calcium and enhanced in high extracellular calcium (Fig- employed (Table 1). Preincubation of slices in 10 mM
ures 5A and 5B). In buffer containing low (0.15 mM), chelerythrine, a specific inhibitor of PKC, produced a
normal (1.5 mM), and high (4.5 mM) calcium concentra- 32.7% 6 2.9% reduction in the DHK-induced stimulation
tions, MAP2 phosphorylation in the presence of ACPD of MAP2 phosphorylation. Similarly, 10 mM KN62, a spe-
cific inhibitor of calcium/calmodulin-dependent protein(200 mM; 5 min) was 93.7% 6 4.6%, 165% 6 16.2%,
Neuron
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Figure 5. Calcium Dependence of Bidirectional Changes in MAP2 Phosphorylation
MAP2 was immunoprecipitated from slices metabolically labeled with 32P.
(A) Effect of extracellular calcium concentration on ACPD-mediated increases in MAP2 phosphorylation. Hippocampal slices were incubated
in medium containing either low (0.15 mM), normal (1.5 mM), or high (4.5 mM) calcium chloride in the absence or presence of 200 mM ACPD
for 5 min. MAP2 phosphorylation is expressed as a percentage of control (unstimulated) slices incubated in the same extracellular calcium
concentration. Data are mean 6 SEM of 3 experiments performed in triplicate. The inset shows a digital reproduction of a phosphorimage
from a typical experiment in which ACPD was added for 5 min in the presence of the indicated calcium concentrations.
(B) Effect of extracellular calcium concentration on NMDA-mediated decreases in MAP2 phosphorylation. Slices were incubated in medium
containing low, normal, or high calcium concentrations (as above) in the absence or presence of 100 mM NMDA for 2 min. MAP2 phosphorylation
is expressed as a percentage of control (unstimulated) slices incubated in the same extracellular calcium concentration. Data are mean 6
SEM of 3 experiments performed in triplicate. The inset shows a digital reproduction of a phosphorimage from a typical experiment in which
NMDA was added for 5 min in the presence of the indicated calcium concentrations.
kinases, produced a 36.9% 6 8.3% reduction in the glutamate receptor±dependent dephosphorylation of
MAP2 (Table 1). Okadaic acid is a cell-permeant toxinDHK-induced stimulation of MAP2 phosphorylation. The
that inhibits PP2A at low concentrations (IC50 5 0.1 nM),effect of these inhibitors was additive, producing a
PP1 at intermediate concentrations (IC50 5 1 nM), and59.2% 6 2.7% inhibition when used in combination.
PP2B (calcineurin) at high concentrations (IC50 5 5 mM)In contrast, KT5720, a specific inhibitor of PKA, was
(Cohen et al., 1990; Hardie et al., 1991). Application ofineffective in inhibiting the DHK-induced increase in
1.5 mM okadaic acid, a concentration shown to inhibitMAP2 phosphorylation.
PP1 and PP2A completely in intact cells (Cohen et al.,Inhibitors of protein phosphatases were used to ex-
1990; Hardie et al., 1991) and previously reported toamine the calcium-dependent pathways mediating
increase the basal phosphorylation of MAP2 in intact
neurons (Arias et al., 1993; Montoro et al., 1993), did
not block NMDA-induced dephosphorylation of MAP2.
However, application of 10 mM okadaic acid attenu-
ated NMDA-induced dephosphorylation of MAP2 by
39.2% 6 8.9%. The inhibitory effect of a high concentra-
tion of okadaic acid is consistent with a role for cal-
cineurin in mediating glutamate-induced MAP2 dephos-
phorylation.
Relatively few specific calcineurin inhibitors have
been identified. The immunosuppressants cyclosporin
A and FK506 have been shown to inhibit calcineurin
activity potently in vitro and in intact cells (Kunz and
Hall, 1993); however, theirefficacy in hippocampal slices
is ambiguous, since extreme conditions (50±100 mM for
2±4 hr) were reported to exhibit effects using bath appli-
cation (Mulkey et al., 1994). In our experiments, neither
cyclosporin A nor FK506 (or the related compound
Figure 6. Time Course for Calcium Ionophore±Induced Changes in FK520) was able to attenuate significantly the NMDA-
MAP2 Phosphorylation in the Absence of NMDA Receptor Activation induced decrease in MAP2 phosphorylation when ap-
MAP2 was immunoprecipitated from slices metabolically labeled plied to the incubation medium for 10±150 min at con-
with 32P. Slices were preincubated for 10 min with 100 mM MK801 centrations of 0.1±250 mM. The class II pyrethroids, such
prior to incubation in 50 mM ionomycin for the times indicated.
as deltamethrin, also have been reported to be specificMAP2 phosphorylation was calculated as (counts in ionomycin plus
inhibitors of calcineurin in vitro (Enan and Matsumura,MK801/counts in MK801 alone) 3 100. Data points represent mean
1993). Accordingly, preincubation of slices with delta-6 SEM for 3 experiments performed in triplicate. Error bars are
smaller than the symbols for the 10 and 50 min time points. methrin (300 mM; 30 min) resulted in a 46.6% 6
Biphasic Changes in MAP2 Phosphorylation In Situ
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Table 1. Effect of Protein Kinase and Protein Phosphatase Inhibitors on Bidirectional Changes in MAP2 Phosphorylation
Agonist Intracellular Percentage
Stimulation Inhibitor Target Inhibition
1 mM DHK Chelerythrine (CHE) PKC 32.7 6 2.9*
(30 s) KN62 CaMKII 36.9 6 8.3*
CHE1KN62 PKC1CaMKII 59.2 6 2.7**
100 mM NMDA 1.5 mM okadaic acid PP11PP2A 5.1 6 0.2
(5 min) 10 mM okadaic acid PP11PP2A1PP2B 39.2 6 8.9*
Deltamethrin PP2B 46.6 6 5.9*
W-7 Calmodulin 62.2 6 7.5**
Hippocampal slices were preincubated for 30 min in the absence or presence of inhibitory compounds followed by 30 s of DHK (1 mM), to
increase MAP2 phosphorylation, or 5 min of NMDA (100 mM), to decrese MAP2 phosphorylation. Data are mean 6 SEM expressed as
``percentage inhibition,'' comparing the degree of MAP2 phosphorylation observed in the presence of DHK plus inhibitor versus MAP2
phosphorylation in the presence of inhibitor alone (n 5 3-4 experiments performed in triplicate; *, p , .01; **, p , .001, one-way ANOVA). The
concentrations of inhibitors used were 10 mM chelerythrine chloride, 10 mM KN62, 1.5 or 10 mM okadaic acid, 300 mM deltamethrin, and 500
mM W-7.
5.9% inhibition of NMDA-induced dephosphorylation of more metabotropic receptors: the metabotropic agonist
ACPD induced an increase in MAP2 phosphorylation;MAP2.
in the presence of CNQX plus MK801, conditions thatPP2B is the only known mammalian phosphatase
eliminate contributions from all but G protein±coupledwhose activity is dependent on both calcium and cal-
receptors, a time-dependent increase in MAP2 phos-modulin (Klee et al., 1988). Effective membrane-perme-
phorylation was observed; and the DHK-induced in-ant calmodulin antagonists, such as W-7 (IC50 5 31 mM)
crease in MAP2 phosphorylation was attenuated by an(Wolff and Sved, 1985), allow investigation of the cal-
inhibitor of PKC, which in vivo is activated by G protein±modulin dependence of MAP2 dephosphorylation. Con-
coupled receptors linked to diacylglycerol productionsistent with a role for PP2B in mediating the glutamate
(Divecha and Irvine, 1995). We observed a delayed ex-receptor±dependentdephosphorylation of MAP2, prein-
pression of MAP2 dephosphorylation relative to thecubation with W-7 (500 mM; 30 min) produced a 62.2%
rapid appearance of increased phosphorylation. It is6 7.5% inhibition of MAP2 dephosphorylation. Despite
possible that an initial activation of protein kinasesthe inability to inhibit NMDA-induced MAP2 dephos-
masks our ability to detect the simultaneous occurrencephorylation using immunosuppressants, together these
of dephosphorylation. Alternatively, slower kinetics ofresults indicate that the calcium/calmodulin-dependent
MAP2 dephosphorylation could account for the ob-protein phosphatase calcineurin is the likely effector
served biphasic time course.for glutamate receptor±induced dephosphorylation of
By changing the driving force on calcium ions, weMAP2 in situ. Among the major phosphoproteins de-
demonstrated that calcium influx contributes to bothtected in slice homogenates, NMDA-induced dephos-
limbs of the bifurcating pathways that regulate MAP2phorylation is remarkably selective for MAP2 (Halpain
phosphorylation. A dependence on extracellular cal-and Greengard, 1990), consistent with the fact that PP2B
cium for NMDA receptor±mediated events is expected;exhibits a very restricted substrate specificity in com-
however, G protein±coupled receptors do not necessar-parison with the other serine/threonine protein phos-
ily induce transmembrane calcium influx. Participation
phatases.
of extracellular calcium in the ACPD-stimulated increase
in MAP2 phosphorylation may represent an interactionDiscussion
between G protein±coupled receptors and postsynaptic
plasma membrane events, such as activation of second
These data support a model in which a single transmem-
messenger±gated calcium channels or capacitative en-
brane signal, the excitatory neurotransmitter glutamate,
try mechanisms facilitated by depletion of intracellular
can mediate bidirectional controlof thecytoskeletal pro- calcium stores (Clapham, 1995; Recasens and Vignes,
tein MAP2. The direction of the change in MAP2 phos- 1995). Alternatively, it is possible that a presynaptic ac-
phorylation is determined by the engagement of par- tion of ACPD triggers events that indirectly stimulate
ticular subtypes of glutamate receptors and by the increased phosphorylation of postsynaptic MAP2.
subsequent activation of distinct, calcium-dependent It remains unclear whether an elevation in postsynap-
enzymatic pathways. Specifically, glutamate activates tic calcium is itself sufficient to induce changes in MAP2
two independent mechanisms with opposing actions on phosphorylation. The lack of antagonists for metabo-
MAP2 phosphorylation: first, via metabotropic recep- tropic receptors activated by calcium-induced depolar-
tors, activation of a pathway results in a transient in- ization precludes determining the sufficiency of iono-
crease in MAP2 phosphorylation; second, via NMDA mycin to produce an increase in MAP2 phosphorylation.
receptors, activation of a pathway results in the sus- However, application of ionomycin in the presence of the
tained decrease in MAP2 phosphorylation. A more effec- NMDA receptor antagonist MK801 induced the partial
tive antagonist for hippocampal metabotropic receptors dephosphorylation of MAP2. This finding suggests that,
is required to explore this model further. Nonetheless, in addition to NMDA receptors, other means of elevating
three lines of evidence suggest that glutamate stimu- intracellular calcium, such as activation of voltage-de-
pendent calcium channels, might also regulate MAP2lates an increase in MAP2 phosphorylation via one or
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phosphorylation. Interestingly, ionomycin did not induce affinity for microtubules (Matus, 1988; Johnson and
the dephosphorylation of MAP2 as fully as NMDA recep- Jope, 1992). Hence, the MAP2 dephosphorylated in
tor activation. Ionomycin may fail to produce the magni- these experiments may be physically inaccessible to
tude of intracellular calcium elevation typically induced intracellular protein kinases after binding to the microtu-
following NMDA application and may therefore be inca- bule lattice.
pable of fully activating the biochemical pathway that A glutamate-induced increase in MAP2 phosphoryla-
robustly dephosphorylates MAP2. Alternatively, the tion has been observed in cultured hippocampal neu-
route of calcium entry into the postsynaptic neuron may rons (Fukunaga et al., 1992); however, in contrast to our
differ for ionomycin- and NMDA receptor±induced intra- results, the increase was blocked by an NMDA receptor
cellular calcium elevations. Recent evidence suggests antagonist and was not followed by a decrease in MAP2
that the route of calcium entry is a critical determinant phosphorylation. Signal transduction pathways present
for the cellular consequences of increasing intracellular in relatively immature cultured neurons may differ from
calcium (Bading et al., 1993; Tymianski et al., 1993). those present in mature neurons of the adult hippocam-
Activation of NMDA receptors results in large, transient pus (e.g., Etoh et al., 1991). Previous studies have pro-
increases in intracellular calcium localized to postsyn- vided evidence that glutamate receptor activation can
aptic foci adjacent to regions of stimulation (Muller and stimulate PKC or CaMKII activity (Klann et al., 1991;
Connor, 1991; Malinow et al., 1994; Yuste et al., 1994). Sholz and Palfrey, 1991; Fukunaga et al., 1992);however,
Such local calcium increases may be highly efficient in in these studies it was not determined whether the ki-
delivering calcium to the calcineurin that targets MAP2. nase activity was altered presynaptically, postsynapti-
In contrast, ionomycin application results in the insertion cally, or both. A 25% increase in MAP2 phosphorylation
of calcium-permeable pores throughout the cell mem- in area CA1 of hippocampal slices was detected 1 hr
brane, perhaps resulting in a large calcium influx into the after high frequency stimulation (Fukunaga et al., 1995).
cell body; intracellular calcium buffering might prevent Similarly, depolarization of hippocampal slices with high
much of this calcium from reaching theprotein phospha- potassium increased MAP2 phosphorylation (Diaz-Nido
tases that target MAP2. A third possibility is that iono- et al., 1993) (see Figure 1A). Such phosphorylation oc-
mycin fails to activate a second messenger pathway curred on phosphopeptide fragments that could be
that is required in addition to calcium for NMDA-induced phosphorylated in vitro by PKC and CaMKII (Diaz-Nido
dephosphorylation of MAP2.
et al., 1993). Using highly selective inhibitors of PKC and
We have demonstrated that the dephosphorylation of
calmodulin-dependent protein kinases, we have estab-
MAP2 outlasts the duration of NMDA receptor activa-
lished that these two classes of protein kinase indeed
tion. Optical imaging studies in cultured hippocampal
contribute to glutamate-stimulated enhancement of
neurons have shown that intracellular calcium concen-
MAP2 phosphorylation in situ. KN62 inhibits all of the
tration returns tobaseline levels within minutesfollowing
known calmodulin-dependent protein kinases. Becausea 5 min application of 50 mM NMDA (Randall and Thayer,
purified CaMKI and CaMKIII did not efficiently phos-1992). If similar calcium kinetics are in effect following
phorylate purified MAP2 in vitro (A. C. Nairn and S. H.,brief (90 s) NMDA receptor activation in hippocampal
unpublished data), it is likely that the inhibitory actionslices, then the sustained dephosphorylation of MAP2
of KN62 reflects activity of either CaMKII or CaMKIVmust greatly outlast the increase in postsynaptic
toward MAP2. Several laboratories have shown thatcalcium. Two mechanisms might account for the appar-
MAP2 can be phosphorylated in vitro with purified CaM-ent differences in the time course for MAP2 dephosphor-
KII (Schulman, 1984; Goldenring et al., 1985; Yamamotoylation and postsynaptic calcium levels: the activity of
et al., 1985; Walaas and Nairn, 1989). Additional experi-the protein phosphatase calcineurin could persist after
ments are required to determine whether CaMKIV is alsocalcium levels returned to baseline, or the activity of
capable of phosphorylating MAP2. Chelerythrine andprotein kinases toward MAP2 could be inhibited follow-
KN62, even in combination, did not completely inhibiting elevated postsynaptic calcium. In support of the
the DHK-induced increase in MAP2 phosphorylation;first hypothesis, in vitro studies have demonstrated that
therefore, it is possible that other protein kinases alsocalcineurin can become activated through limited pro-
participate in the receptor-mediated enhancement ofteolytic cleavage to a calcium/calmodulin-independent
MAP2 phosphorylation. Indeed, metabotropic gluta-form (Manalan and Klee, 1983). Such cleavage might
mate receptorshave beenshown to activate MAP kinaseresult in prolonged activation of PP2B following NMDA
activity in cultured cortical neurons (Fiore et al., 1993).receptor activation. However, immunoblot analyses us-
The lack of specific membrane-permeable inhibitors ofing a polyclonal antiserum against calcineurin detected
MAP kinases precluded efforts to determine the contri-no cleavage fragments of the calcineurin A subunit fol-
bution of these and other proline-directed kinases inlowing stimulation of hippocampal slices with NMDA
mediating MAP2 phosphorylation in the slice prepa-(S. H., unpublished data). The possibility that protein
ration.kinases that target MAP2 for phosphorylation are ren-
A bidirectional mechanism controlling MAP2 phos-dered inactive following glutamate receptor activation
phorylation may allow for dynamic regulation of the neu-is also unlikely. Quantification of trichloroacetic acid±
ronal cytoskeleton both temporally and spatially. Itprecipitable protein does not reveal a decrease in 32P
would be of interest to determine whether changes inincorporation into total hippocampal protein following
MAP2 phosphorylation proceed with a similar directionNMDA application (E. M. Q. and S. H., unpublished data).
and time course following natural stimuli. The presentThis observation is inconsistent with a general inhibition
study reports net changes in the phosphorylation stateof kinase activity within the slice. Alternatively, dephos-
phorylation of MAP2 has been shown to increase its of the total population of hippocampal MAP2. At this
Biphasic Changes in MAP2 Phosphorylation In Situ
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time we cannot evaluate whether different populations intracellular calcium mediated by NMDA receptor acti-
of MAP2 undergo exclusively a net increase or a net vation (Otani and Ben-Ari, 1993; Malenka, 1994; Teyler
decrease in phosphorylation following synaptic stimula- et al., 1994; Collingridge and Bliss, 1995). Although little
tion. However, a simple model based on the data pre- is known about the morphological correlates of LTD,
sented here predicts that the regulation of MAP2 phos- several laboratories have described structural changes
phorylation will depend on the activation history and the associated with LTP. These include changes in synapse
distribution of glutamate receptor subtypes at a specific number and shape, and an increase in the frequency of
synapse. Under resting conditions, NMDA receptors are perforated postsynaptic densities, which may represent
silent, owing to a voltage-dependent blockade by mag- spinule formation (reviewed in Harris and Kater, 1994;
nesium ions (Gasic and Hollmann, 1992). In the absence Edwards, 1995). Since MAP2 is colocalized with actin
of NMDA receptor activation, metabotropic receptor± and glutamate receptors in dendritic spines, activity-
dependent increases in MAP2 phosphorylation may be dependent regulation of MAP2 phosphorylation may
prolonged, outlasting the duration of receptor activa- participate in these morphological changes. We have
tion. Alternatively, the increase in MAP2 phosphoryla- demonstrated that the phosphorylation state of MAP2 in
tion may be limited to the duration of metabotropic re- the mammalian hippocampus is controlled by calcium-
ceptor activation, and therefore be transient even in the dependent signaling pathways stimulated by glutamate
absence of NMDA-induced protein phosphatase activ- receptor activation. Such dynamic temporal regulation
ity. Specific antagonists of the relevant postsynaptic of MAP2 phosphorylation may participate widely in the
metabotropic receptors are necessary todistinguish be- modifications of synaptic shape and dendritic arboriza-
tween these two possibilities. Nonetheless, more highly tion observed in both developing and mature neurons.
phosphorylated MAP2 is impaired in its ability to pro-
mote microtubule polymerization and actin bundling in
Experimental Proceduresvitro (Jameson and Caplow, 1981; Nishida et al., 1981;
Murthy and Flavin, 1983; Selden and Pollard, 1983;
Preparation and Labeling of Hippocampal SlicesBurns et al., 1984; Hoshi et al., 1988). Thus, activation of
Hippocampi were removed from adult female Sprague±Dawley rats
metabotropic glutamate receptors might result in local (200±225 g) following anesthetization via CO2 narcosis in compliance
destabilization of the subsynaptic cytoskeleton. Intense with DHHS and University of Virginia guidelines. Transverse sections
activation of synapses expressing NMDA receptors (350 mm thick) were prepared using a McIlwain tissue chopper and
preincubated for 45 min at 338C in 5 ml of low calcium, phosphate-would result in dephosphorylation of MAP2, possibly
free artificial cerebral spinal fluid (ACSF; 124 mM NaCl, 4 mM KCl,stabilizing the synapse. Where metabotropic and NMDA
25 mM Na2HCO3, 1.5mM MgCl2, 0.015 mM CaCl2, and 10 mMglucosereceptors are colocalized, glutamatergic transmission
[pH 7.3 6 0.5]) continuously saturated with 95% O2/5% CO2 gas.might induce a biphasic regulation of cytoskeletal stabil- To incorporate label into endogenous ATP pools, slices were incu-
ity: a transient reduction in the interaction between bated for 90 min in 0.5 ml of ACSF as above, except that MgCl2
MAP2 and microtubules and/or F-actin, followed by a was omitted, CaCl2 was increased to 1.5 mM, and 0.25 mCi of
period of increased interaction, which might allow for [32P]orthophosphate was added (25 mCi/ml; New England Nuclear).
Pharmacological agents were added to the slices at the end ofcytoskeletal reorganization.
the labeling period. Phosphorylation reactions were terminated byChanges in neuronal morphology underlie the estab-
aspiration of the ACSF and submersion of slices in liquid nitrogen.lishment and stabilization of synapses in the developing
Excitatory amino acid analogs were obtained from Tocris Cookson;
nervous system and correlate with activity-dependent chelerythrine chloride, KT5720, and KN-62 from Kamiya Biochemi-
changes in synaptic efficacy in the mature nervous sys- cals; okadaic acid and deltamethrin from LC laboratories; W-7 from
tem. The neurotransmitter glutamate and the increased Calbiochem; and ACSF ingredients from Sigma. Monoclonal anti-
neuronal calcium it evokes have been implicated as the body 2±4 was a gift from Dr. R. Vallee. Polyclonal antibody #266
was described previously (Halpain and Greengard, 1990).chemical initiators of many of these events. It remains
unclear, however, how the same second messenger,
calcium, can result in a variety of physiological re- Quantification of 32P Incorporation
sponses. Our results suggest that synaptically released Triplicates of identically treated frozen slices were homogenized by
sonication in 0.2 ml of boiling-hot 1% SDS as described (Halpainglutamate can have opposing effects on a postsynaptic
and Greengard, 1990). After diluting 1:1 with a butter consisting oftarget protein, depending on which calcium-dependent
100 mM NaCl, 50 mM Tris±HCl, 5 mM EDTA, 50 mM NaF plus 6%biochemical pathway becomes engaged. Such regula-
Nonidet P-40, MAP2 was immunoprecipitated from 100 mg of each
tion of MAP2 phosphorylation may serve to transduce homogenate with polyclonal antisera #266 raised against MAP2 (20
glutamate receptor activation into changes in neuronal ml; 60 min) followed by a 30 min incubation in 100 ml of Pansorbin
morphology. For example, the establishment of ocular (Calbiochem). Immunoprecipitated proteins were separated on 5%
SDS±polyacrylamide gels, and 32P incorporation into immunoprecip-dominance columns in the visual cortex is dependent on
itated MAP2 was background-corrected and quantified using thethe coordination of glutamatergic activity in the primary
volume integration feature of ImageQuant software on a Molecularafferents serving each eye (Hubel et al., 1979; Penn et
Dynamics PhosphorImager. Unless otherwise stated, data for ex-al., 1994). MAP2 in the visual cortex has been shown to
perimental groups are expressed as the percentage of MAP2 phos-
undergo light-dependent changes in phosphorylation phorylation observed in control slices.
during the critical period for ocular dominance segrega-
tion (Aoki and Siekevitz, 1985). Thus, the light-depen-
Quantitative Immunoblot Analysisdent stabilization of synapses in visual cortex may in-
Hippocampal slices were prepared as above, but with KCl lowered
volve regulation of MAP2 phosphorylation via glutamate to 2.5 mM and with 1.5 mM KH2PO4 substituted for [32P]orthophos-
receptors. Similarly, the establishment of homosynaptic phate. Aliquots of homogenates from combined triplicates con-
LTP and LTD in area CA1 of the adult mammalian hippo- taining 75 mg of protein were separated on 6% SDS±polyacrylamide
gels and then transferred to nitrocellulose as described (Halpaincampus has been shown to be dependent on increased
Neuron
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and Greengard, 1990). Nitrocellulose sheets were incubated in anti- of high-Mr microtubule-associated proteins and their Ca21-depen-
dent proteolysis in synaptosomal cytosol. FEBS Lett. 146, 273±277.MAP2 monoclonal antibody 2±4 (1:5000 for 2 hr), followed by rabbit
anti-mouse IgG (1:2000 for 2 hr) and 125I-labeled Protein A (Amer- Burns, R.G., Islam, K., and Chapman, R. (1984). The multiple phos-
sham; 1:2000 for 2 hr) in Tris-buffered saline containing 4% nonfat phorylation of the microtubule-associated protein MAP2 controls
dry milk and 0.1% Triton X-100. MAP2 levels were quantified by the MAP2:tubulin interaction. Eur. J. Biochem. 141, 609±615.
phosphorimager analysis.
Chinestra, P., Aniksztejn, L., Diabira, D., and Ben-Ari, Y. (1993). (RS)-
a-methyl-4-carboxyphenylglycine neither prevents induction of LTP
Other Methods
nor antagonizes metabotropic glutamate receptors in CA1 hippo-
Protein concentrations of homogenates were measured by the
campal neurons. J. Neurophysiol. 70, 2684±2689.
bicinchoninic acid method (Pierce) using bovine serum albumin as
Clapham, D.E. (1995). Calcium signaling. Cell 80, 259±268.a standard. Phosphorylation efficiency was analyzed by quantitating
Cohen, P., Holmes, C.F.B., and Tsukitani, Y. (1990). Okadaic acid:the incorporation of 32P into trichloroacetic acid±precipitable pro-
a new probe for the study of cellular regulation. Trends Biochem.tein. For display purposes, phosphorimages were exported to
Sci. 15, 98±102.Adobe Photoshop and printed using a Kodonics NP-1600 color
digital printer. Collingridge, G.L., and Bliss, T.V. (1995). Memories of NMDA recep-
tors and LTP. Trends Neurosci. 18, 54±56.
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